Model test procedures for global analysis verification of floating production systems in ultradeep waters are reviewed. Due to space limitations in wave basins, a combination of tests at reduced depths with advanced numerical tools is recommended. Guidelines for this approach are presented. The philosophy is that a numerical model of the truncated set-up is validated against the tests, and resulting calibration information is then applied in full-depth verification simulations. Principles for design of truncated systems are given, where the key motivation is to reproduce the full-depth system properties as closely as possible. A priority list with criteria for this purpose is given and discussed. Coupled analysis is recommended for numerical reconstruction of experiments. Key topics in this "model-the-model" procedure, and of the final prototype simulations, are discussed.
Introduction
Scale model tests have been successfully used to study and verify the design responses of moored floating structures for many years. In relatively "shallow" water, a complete scaled model can be tested in a model basin at reasonable model scales (1:50 -1:100). Test results can be directly scaled using Froude Number scaling to predict the prototype performance. This approach has been successful since the moorings and risers can be modeled to full (scaled) depth, and viscous drag on the mooring and risers has limited influence on the structure's response. For cases with many moorings and risers, the drag could be relatively easily compensated for or handled with simple numerical models. This use of scale model tests to verify a "shallow" water design is shown in Figure 1 . As depths and the number of mooring and risers increased, more compensations were required for the testing and interpreting test results, but the scale model approach has been successfully used in many model basins to study Floating Production Systems (FPS's) in depths to 3,000 feet or more.
Testing FPS's and validating their predicted design responses in deep (to 6,000 feet) and ultra deep (to 10,000 feet) water depths presents some challenges. Due to the depth and scope of mooring and riser systems, a complete scaled model of the FPS is simply too large to test in present model basins. The model's mooring and riser systems must be truncated, and a numerical model must be validated and then used to interpret and extend the model test results to predict the prototype FPS responses at the full design water depth. This process is also shown in Figure 1 .
In the present paper, the challenges and solutions in deep and ultradeep water model testing of passively moored FPS's will be addressed. The main focus is on the basic principles of methods using physical model tests with truncated mooring and riser systems, combined with numerical models to compensate for water depth limitations in wave basins. Examples on such combinations are given in e.g. /1/,/2/,/3/. The deep-water modeling problem has also been discussed by ITTC /4/. In this paper, challenges and actual procedures will be described and discussed. It is mainly based on guidelines recently worked out for DeepStar as a part of a more general guideline study on global analysis of deepwater FPS /5/. An actual truncation design example from a previous case study is also shown for illustration.
The challenges
Purpose of global analysis model tests. The use of model tests is generally recommended to verify the expected global performance of deepwater drilling and production systems. Model tests can be useful to:
Validate design assumptions and critical design response parameters, including, e.g.: Environmental conditions. Challenges for laboratory deepwater modeling depend on what are the most critical environmental loads for the actual FPS in the actual deepwater field. Wave, current and wind conditions are subject to considerable geographical variations. Thus extreme waves are much higher, and therefore a more critical factor, in the Gulf of Mexico, North Atlantic and in the Norwegian Sea, than e.g. offshore Brazil or West of Africa. On the other hand, deepwater currents play a more dominant role in Brazil and West Africa, although current is important also elsewhere. In the Gulf of Mexico, design sea states are defined by strong loop-currents and by extreme waves in hurricanes. Wind is a critical factor in all fields. At the same time, different FPS's react differently to actual environmental loads. The sensitivity of a Spar, e.g., to changes in heading is different from that of an FPSO. Use of flexible risers allows greater floater motions than stiff risers. Spread mooring is more critical to weather direction than turret mooring, etc.
The proper modeling of extreme nonlinear wave or wave group characteristics may be critical for local loads such as green water and slamming, and for dynamical drift motions and extreme mooring loads. Swell components, although moderate in height, may be essential for most floaters. Wave directionality can also be important, for example the modeling of wind sea + swell from different directions.
Currents are important for offset, motion damping, and for VIV on risers and platform columns. Sometimes the upper layer current effect on the vessel is most important, while in other cases the loads on risers and lines in full depth are essential. Real deepwater currents may be subject to significant vertical variations in magnitude as well as in direction, although field data are still far from complete to document this satisfactorily. Similarly, fluctuations in time and space (eddies) are also observed, but at the present stage more knowledge is needed from field data to know how this should be taken into account in design.
Wind is a main factor for the mean vessel offset, and for e.g. mean heading and slowly varying yaw of FPSO's.
Recently, rapidly varying tropical winds (squalls) are also found to be a significant problem e.g. in West Africa.
Waves, wind and currents are in general found to be noncollinear, with collinear conditions as a special case. Stationary storm conditions are most often assumed in specifications, but non-stationarity (in e.g. hurricanes or squalls) may become more frequently required in the future.
Laboratory size. Worldwide, actual deepwater wave basins in operation today include facilities with overall depths typically down to 5 -10m. Some deeper basins are in development (e.g. 15m, Brazil), and deep pits in the basin centre extend the useful depth for TLP's and for riser modeling of Spars, but for ultradeep waters (6000ft -10000ft) the laboratory depth limitation will inevitably be encountered also in the future. Thus alternatives to full-depth modeling are necessary.
Model test solutions -overview
General. For deep (3,000 -6,000 ft) and ultra deep (6, The actual choice may depend on several factors, such as: the type of structure to be modeled and verified; which parameters are the most important parameters to study; the environmental conditions; and what are the actual laboratory limitations. It is also necessary to consider what is to be verified, e.g.: Is it a computer program; the overall behavior of the complete system, detailed behavior of a portion of the system; or a particular component of the overall system? The combination of model tests and numerical analyses, often referred to as the "hybrid verification method", is recommended. Numerical analyses are used to help plan and interpret the model tests, and to extend these results to prototype scale. This is described in some detail later on. In certain cases, however, the other methods mentioned may offer advantages, and are therefore briefly described below.
For floating systems not requiring a large "footprint" area on the bottom (e.g., TLP's) tests in deep pits may be an alternative, for a complete modeling of tethers and vertical riser systems /6/. Spar riser systems may also benefit from this (still truncating mooring lines). It is, however, difficult to generate a specified current all over the depth in that case.
Ultra-small scale testing. Considering the size of existing model testing basins, the use of very small scale ratios are necessary for testing of complete systems in deep and ultra deep water. The overall challenge is the balance between the maximum scale and the accuracies that can be achieved when testing at ultra-small scales. The maximum scale is determined by the available depth (or width) and vice versa. The uncertainties associated with ultra-small scale testing must be quantified to assure that test results will have acceptable accuracies. Important issues for choice of model scale and resulting accuracy of results are:
Accuracy related to model construction, geometry and mass particulars Response levels, accuracy of instrumentation, possible influence of instrument probes and cables on test results Generation of environmental condition, repeatability in basin Hydrodynamic load regimes and viscous scale effects, especially in relation to the increasing importance of current loads and damping of mooring and riser systems.
Research studies have been carried out to investigate these problems /2,7/. They show that reducing the scale from the conventional 1:50 -1:100 range down to ultra-small scales 1:150 -1:170 may in fact be possible for moored FPSO's and semisubmersibles, at least for motions and mooring line forces in severe weather conditions. However, particular care is needed during planning, preparation and execution of such model tests, since the required accuracy is at a level considerably higher than for conventional scales. In general, larger scales (that is, larger than about 1:100 -1:120) are recommended if possible. Particular restrictions on small scales may be imposed by special details, such as moon-pools, thrusters or other local effects.
Large-scale testing in fjords and lakes. Testing in fjords or lakes /8,9/ may in certain cases be a useful alternative to basin tests, and can provide an alternative with no need to compromise on scale and system simplifications. Normally, this is relevant for specific components of the system only. Environmental conditions are not controllable. The tests must be planned to ensure that the severity of the environment experienced during the test program will be adequate for a meaningful validation. The environment must be measured to provide data for validation. Measurement requirements can range from minimal for a qualitative validation of performance to very extensive for a quantitative validation of a numerical model. It may be possible to provide facilities at the test site (floating dock, wavemaker, top-end actuator, etc.) to provide a controlled or simulated environmental excitation. Fjord-and lake-testing can be a very attractive alternative for research projects and to provide a reference check (benchmark test) to check numerical computations providing that on-site environmental conditions can be measured.
Numerical computations only.
Verification by another numerical code should only be considered in those cases when other alternatives are prohibitively difficult or when it is obvious that a purely numerical procedure will be satisfactory. Such a numerical verification should be carried out independently from the original design analysis and preferably with another code that is recognized as a tool advanced enough to be able to clarify and unveil critical and unknown issues in the design. Normally, sophisticated codes including fully coupled analysis and/or CFD will be applied Combined method (hybrid verification) Basic principles. The hybrid method replaces the scale model test method with a combination of physical model tests and analytical modeling. The general approach, as addressed in this paper, is to use a scale model of the FPS hull and deck with an equivalent (sometimes referred to as "truncated") passive mooring and riser system. See also Figure 2 . Principles and practical use of the method have been previously described in e.g. /1/,/2/,/3/. Numerical models are used to design the equivalent mooring and riser systems, and interpret the model test results. The fundamental idea is to model the FPS hull and deck at a reasonably large scale, and to represent the effects of the designed mooring and riser systems on the FPS by equivalent mooring and riser systems that provide appropriately scaled mooring and riser forces on the motions of the FPS. Note that by truncation, the dynamics of mooring components or risers are not directly modelled, and must be found afterwards in a full-depth numerical model.
An alternative approach, combining model tests and computer simulations in real time in an active control system, has also been suggested in the literature /10/. This is an interesting idea, but is at present considered to be connected with a number of additional challenges and questions for practical applications. This includes such as very powerful computers, special "intelligent" software for which necessary specifications are not quite clear, and possibly very large actuators. In the present description of methods for offshore testing, the real-time procedure is therefore not considered.
Truncation design.
Choice of system. Important issues to consider in model testing with a truncated system include:
The most critical response parameters for the FPS being tested (e.g., static or dynamic responses, horizontal or vertical responses) When to choose a truncated system Selection of criteria for system truncation Degree of system truncation in relation to coupling effects of floater and under water systems Possibility of "equivalent" mooring and riser modeling Response data needed in verifying numerical model, such as slow drift information (excitation and damping).
The choice of the model scale and the design of the truncated system introduce uncertainties from the truncation and from the actual scale, as illustrated qualitatively in Figure  3 . The choice is a compromise that should seek to minimize the overall uncertainty in the model test results. Typically, scales of truncated systems are in the range 1:50-1:100.
Criteria. The design of a truncated system should strive to obtain the same motion responses of the floater that would result from the full-depth mooring in order to reduce the uncertainties related to an extrapolating test results from a truncated to the full-depth systems.
The design of a truncated system should seek to correctly model following parameters in the given succession of priorities: The priorities of the above parameters must be consistent with the critical response parameters for the FPS and objectives of the model test program. Modeling the mass & stiffness correctly will ensure that the natural periods are modeled correctly. The FPS will have the same low frequency motions as in the full-depth mooring, and the phasing with the waves will be the same if the natural periods, the vertical and horizontal static load components, and the current load and damping are correct. This means that surface related issues as green water, bow slamming, wave run-up, and also side-byside and/or tandem offloading will be the same as for the full depth system. Modeling the coupling and the total mooring & riser forces at the maximum offset range is important in determining the maximum set down. To the extent that the above modeling requirements are not fully obtained, the philosophy of the procedure is that the numerical simulations shall take care of the effect of the deviations between the fulldepth and the truncated system.
The actual design of the truncated system will depend on the FPS and the problem priorities for the tests, will be somewhat facility (staff, resources, experience) dependent, and will likely be somewhat empirical. The truncated system may involve springs, point masses or buoyancy elements in the mooring system, larger (than scale) diameter mooring and/or riser components, drag chains on the basin floor, etc. Truncated mooring systems with more continuously distributed properties tend to perform better and are easier to analyze. It is important to check the performance of the truncated model against the properties expected from the design. A complete documentation of the truncated system is critical for the interpretation of model test results.
Lumped systems. Mooring lines and/or risers may also be "lumped", that is a number of like elements may be modeled as a single element. For example, a 12-line mooring system in a 4x3 configuration may be simplified and modeled as a 4-line system /11/. A group of 12 production risers may be represented by a single model riser. Lumped systems are designed to provide appropriately scaled mass, stiffness, and hydrodynamic properties. The decisions to truncate and lump moorings and risers can be made separately, but are obviously interrelated if both are to be used in an FPS model test.
Truncation case study example. An experimental check on the characteristics of a truncated catenary system was carried out in connection with the VERIDEEP study in /2/ A semisubmersible with 12 catenary mooring lines and 8 risers was tested in scale 1:55 with a full-depth system on 335m depth, as well as with a truncated system on 167.5m depth. All lines and risers were truncated individually. For the final results from the work, we refer to the original paper, while here we highlight some additional aspects of the truncation itself. Notice that the actual depth in this case was not really deep: The idea was to be able to verify hybrid verification with truncation vs. full-depth tests, with both depths included, in a conventional scale. The demonstration of truncation effects was obtained although the depth had to be moderate.
Vertical projections of the full and truncated mooring systems are shown in Figures 4a-b . The truncated system was selected from static mooring design analysis with the computer program MIMOSA /12/ on basis of comparison of the horizontal restoring force and single line characteristics vs. full depth (see Figure 5) . A reasonably good correspondence was obtained. Static vertical pitch moments from the mooring systems were also checked. The full-depth lines were of steel wire with chain segments at the upper and lower parts, while the truncated lines were all chain. Some of the chain lengths were resting on the bottom, leading to a certain degree of bottom friction in high sea states.
As an additional reference for comparison, tests were also carried out with the semisubmersible in two horizontal mooring set-ups ("standard" & "high" stiffness), to highlight the hull coupling with the lines and risers. The "standard" linear mooring stiffness corresponded to that of the catenary systems in storm conditions, while "high" was twice of that.
Results from surge decay tests in calm water are shown in Figure 6 . We see that the damping from lines and risers is more than twice that of the pure hull contribution, and that the actual truncated system is very close to the full-depth system.
The quasi-static coupling between surge and pitch is illustrated in Figure 7 , obtained from low-pass filtering of data from a test in regular waves. Again, the horizontal mooring cases show a quite different (opposite) result from that of the full depth case, while the truncated mooring works quite well.
LF surge spectra measured in a 100-year storm with the different set-ups are shown in Figure 8 . As in Figure 6 , we see that the damping contributions from lines and risers are significant, while the truncated system results show a remarkably good similarity to those in full depth. In general, however, the damping of truncated systems must be expected to differ somewhat more than this from the "real" ones.
It should be remarked that much larger deviations were observed in the WF mooring line force dynamics, as expected, shown in /2/,/3/: The truncated system gives clearly too low dynamics. This, and other deviations, must be taken care of by the subsequent numerical analysis procedure, as described in a later section.
Model test program.
In brief, the test test program should be designed to provide data to meet these objectives:
Validate that the test environments are repeatable, stationary, and homogeneous throughout the test area and that they accurately calibrated to represent the desired metocean test conditions Validate that the actual test model has the desired Model Scale FPS Properties (see Figure 2) predicted during model design ⇒ ⇒ Measure the critical FPS design responses in metocean environmental conditions that the FPS is likely to experience during its design life. Both extreme and operating condition are likely of interest. The range of metocean environments tested should be broad enough to test for unexpected FPS behaviors in metocean conditions that are likely to be encountered. Validate the numerical model of the FPS responses (at model scale) that will ultimately be used to analyze the prototype FPS responses. This validation is done at model scale, termed "Model The Model" (see Figure 2) Numerical reconstruction: "Model-the-model".
Numerical model of truncated set-up. For the calibration of the final full-depth numerical simulation model, which is eventually to be established and used for the final verification, a detailed numerical model of the truncated FPS set-up is first made. Thus numerical reconstructions of the responses -as tested -are made, and empirical adjustments are made from comparison to the measurements. See Figure 2 . It should be a complete model that describes the dynamic responses of a moored FPS with risers to winds, wave, and currents. Time domain numerical models are more commonly used than frequency domain models because they can describe nonlinear terms with fewer simplifications and assumptions. Thus time domain models are generally regarded as a more robust tool for calibrating at model scale and applying at prototype scale in new design situations involving water depths and/or floating systems configurations that represent significant extensions to experience.
However, frequency domain models can be calibrated with test data and have been successfully used to analyze the responses of deepwater FPS's in deepwater.
The model should be coupled, i.e. it should simultaneously solve the dynamics of the FPS and its moorings and risers (see e.g. /13/). The forces on the FPS hull should include firstorder wave forces and hydrodynamic reaction forces, secondorder wave drift forces, second-order wave drift damping, and wind and current forces. The hydrodynamic forces on the moorings and risers should be included in a relative motion formulation. The numerical model should include terms that describe the viscous contributions to roll damping and the low frequency horizontal motions of the hull. There are various degrees of completeness in coupling, and the situation is analogous to time versus frequency domain models discussed above. More completely coupled models are generally regarded as more robust, and provide a more complete basis for extending model scale learnings to prototype scale applications that represent significant extensions to engineering experience.
Validation of numerical model. The numerical model is validated by comparing its predictions to measured model test data. Actual measured wave records and wind/current conditions are normally used as input. The model scale coefficients or parameters in the numerical model may need to be modified to improve its accuracy. It is recommended that sensitivity analyses be undertaken to sequentially evaluate the effect of a change in several parameters, before a decision to modify any parameter(s) are made. This can help ensure that the selected modification has the best overall improvement in the agreement between data and prediction.
The verification of the numerical model is undertaken in two phases -a Primary Validation Phase and a General Validation Phase. In the Primary Phase, the numerical model is compared to data from the more fundamental and controlled tests to establish its validity to accurately predict certain basic responses. The data generally employed initially for the preliminary verification are from static offset, wind only, current only, current and wind, and the decay tests The verification can then proceed to the more complex wave data.
In the General Validation, analyses are undertaken following the satisfactory completion of the Primary Validation. Measured data are compared with predictions for many of the actual metocean conditions. Data comparisons can be made in the form of time series, spectra, statistics, probability distribution functions, or maxima as appropriate for the response being examined. Again modifications can be made to improve agreement between measured data and predictions, but it will generally be more difficult at this stage due to the more complex environments used in these tests. This numerical model can now be applied to predict prototype FPS responses in the full design water depth. Comparisons between these predicted responses for the prototype FPS and the responses expected for the FPS design will provide a basis for verifying the performance and adequacy of the design.
Following the model test analyses, the verified model must be adjusted to incorporate the prototype geometry, prototype scale properties and coefficients for drag and damping, and actual (non-truncated and non-simplified) moorings and risers. Predictions of critical responses should then be made for the design metocean conditions specified by the client/designer. A favourable comparison between these predicted and the design responses will serve to verify the design.
Scaling effects
It is not possible to simultaneously satisfy Froude, Reynolds, and Strouhal Numbers scaling at model and prototype scales, meaning that dynamic similitude cannot be achieved and the ratios between the various forces will be different at model scale and prototype scale. Therefore choices must be made based on the relative importance of the forces to the problem at hand. Since wave and current forces are generally the most important forces in model testing FPS's and are related to gravity forces, the Froude number is the most important dimensionless number and is used as the basis for scaling model tests. Applying the Froude number for the scale law in modeling, "scale effects" are introduced because of the noncompliance with Reynolds and the Strouhal Numbers.
"Scale effects" is a general term that denotes the differences that can arise between the forces on or motion of the model FPS and the corresponding force on or motion of the real or prototype structure. Consider drag forces, which include forces on circular and non-circular members as well as flat plates. These forces are generally dependent on the Reynolds Number and surface roughness. It can be shown that the Reynolds Numbers for a model based on Froude Number scaling are too small, and therefore the drag forces will generally be relatively either too high too low depending upon the relationship between Cd (drag coefficient) and Reynolds Number.
The most important scaling effect in model tests is generally that for drag forces on cylindrical members of FPS's. Important cylindrical members include mooring lines and risers for all FPS's; TLP & Semi columns, pontoons, and tendons; and the Spar hull itself.
Conclusion
Model test procedures, recommended for global analysis verification of floating production systems (FPS's) in deep and ultra-deep waters down to 10000ft, have been described. Alternatives to full-depth modeling are needed due to limited wave basin depths. Combining model tests at reduced depth with advanced computer models is considered the most promising approach for most purposes.
In the procedure that is emphasized here, tests with truncated lines and risers are used to validate/calibrate a numerical model of the actual truncated set-up. This calibration is eventually taken into account in the full-depth prototype simulations that are run as the final verification. Coupled analysis software is generally recommended.
Basic principles for proper design of truncated set-ups have been presented and illustrated. In general, one will try to reproduce the properties of the full-depth system as closely as possible, according to a list of criteria and priorities. Proper quasi-static couplings between low-frequency vessel motions and lines / risers are emphasized. In many cases, one will model e.g. individual truncated lines and risers, while in other cases, some of the individual components are lumped into equivalent groups. 
